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ABSTRACT 


16511, were studied with inelastic 


Giant resonances in 
scattering of electrons with 60 MeV to 105 MeV incident 
energy at a Scattering angle of 75 degrees. From 5 MeV 
to 30 MeV excitation energy, five multipole resonances 
were observed of which only the dipole resonances have 
been previously reported. Reduced transition probabilities 
and multipolarity assignments have been made. The five 
resonances were observed at excitation energies of 9.6 
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NU RODUCT LON 


Giant resonance investigations using the 120 MeV elec- 
tron linear accelerator of the Naval Postgraduate School 
have been conducted since 1973. The previous work has been 


Lo) Une Gad 208 


with PD Reiss sala andys5)|( sue hhelmcdaita reduc 
tion techniques necessary to cope with the large brems- 
strahlung background, called the radiation tail, has been 
greatly improved from the initial attempts. Using computer 
codes and cecnniques originally developed at Darmstadt and 
Te DONC Cas Diab USininknmel Cedille 4p lteltasn Deen, Possabike 
to determine giant resonances of different multipolarities 
and to make model comparisons with the experimental evidence. 
The previous work at the Naval Postgraduate School 
facility on gold and lead were done at various values of 
momentum transfer, most commonly at a fixed machine energy 
andwat wanyinio iscatterime anoles: ~The investigation even- 
EalelyRCOVe Ged sanmexciitatione mangenoL 5 Mev sto 4O0sMeVe,  VLt 
was desired to determine if similar information could be 
achieved by fixing the scattering angle and varying the 
momentum transfer by using different incident energy elec- 
PLOUS elena SmOeccClded srOm SENG TiC winelast le. electron 


scattering spectra of Hoe 


Ho in the same energy range for 
PIVCSuLeaSONS wih irs ct. shoOlmiumMs which 1S easily obtained an 
a isotopically pure form, has a deformed nucleus with a 


relatively large intrinsic quadrupole moment. Scattering 


from this isotope should illustrate several predicted features 


GosugoscAl- 1 
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unique to deformed nuclear structure. Second, this element 
has been well reported in the literature [Refs. 5, 6, 7, 8, 
OPO tlie 2 anda desi aapianyte liana eles tic vanOse Sekar 
resonances by photoneutron experiments. Since these works 
dealt primarily with the giant dipole resonance, it was 
advantageous to Bed other multipolarities using the tech- 
nique of inelastic electron scattering. Third, only the 


elastic electron scattering from LOS 


Ho has been studied by 
Saurraté, @6, Glos Rex, 8) eincl Woseliens, ee, @has |UXee., eI). 

Foil samples of MOE were prepared and four experiments 
were done at a scattering angle of 75 degrees. Using trans- 
mission geometry, data were collected with incident electrons 
of 60, 75, 90 and 105 MeV energy. The momentum transfer 
squared thus achieved ranged from 0.137 fm? to 0.420 fm?. 
Experimental values of the inelastic form factors were de- 
termined from the data and transition multipolarities were 
assigned to five observed giant resonances. Three resonances 
Oe Xe lea cron eme iso 910) fle ands2 S55. MeViarel reported 
here for the first time. Comparisons between surface oscil- 
lations, Goldhaber-Teller model [Ref. 14] and volume oscil- 
lations, Steinwedel-Jensen model [Refs. 15 and 16] were also 
made. 

There were three objectives of this research. The first 
was to determine if the multipolarities of giant resonances 
could be assigned by measuring inelastic scattering form 
fAcCtOus as a) function OL imecident ellectron enersy, rather 
than the scattering angle as has heen done want wpids tdit 


EMSs tAcwittyuikets i Pana le second, anelastic electron 
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scattering could be used to investigate multipolarity and 
isospin assignment of the observed giant resonance of the 
nO ra nmuckeus. | whagd the ssplitcaingsvor thesgvant dipole 
resonance is observed in the photoneutron reactions in 

Oy and it was desirable to explore the possibility of 


Similar splitting of the quadrupole transitions. 
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A. ELECTRON SCATTERING EXPERIMENTATION 

The electromagnetic interaction between the electron and 
the nucleus is well understood and-is composed of Coulomb 
interactions between charges and the current and magnetic 
moment interactions of the nucleus with the electromagnetic 
Prd Ot ehewpassime —electnony Ali thesecqunteracedons ame 
described by the physical theories of quantum electrodynamics 
and hence are known well enough to make exacting predictions. 
As a consequence, an analysis of electron scattering data 
directly produces information on the target nucleus itself, 
without any details of the imperfectly known strong inter- 
actions interfering in the analysis, such as is the case in 
nuclear structure studies with heavy particle reactions. 

There are two other main possibilities of using electro- 
MaApMe ccm MCeita et Ons Ones cUdyaAmon NUCLear, Sieruceuce., nucile— 
ar absorption and scattering of photons and Coulomb excitation 
by heavy, charged particles. These have disadvantages when 
compared with inelastic electron scattering. Photons cannot 
be utilized to determine ground state information since the 
momentum transfer q is determined uniquely by the nuclear 
Cracrit ies Ons mW man ee CenrcOnm sca tte tml Oe Semone Siti Ci tine 
SXPeEneIMen tals eee he Sunes pect ww HO © LeGtrone Sica ttendamng 
the momentum transfer can be varied through a wide range of 


Voluesm Since ate asigi ven bya the expression 
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where q is the four vector momentum-energy transfer and k 
and k, are Tespectavely the four vector incident ‘and scat - 
tered electron momenta. The magnitude of q transferred to 
the nucleus is dependent only on the incident and scattered 


electron energies and the scattering angle by the relation 


[Ref. 16] 


qea= 4 E; E¢ sin? (6/2) (II-2) 


for highly relativistic electrons. Since q can be varied 
for constant excitation energy of the nucleus, EY = ES = Eps 
momentum analysis of the scattered electrons may reveal 
excitations not previously observed in photonuclear work. 
Coulomb excitation, using the electric field of heavy, 
charged particles, has the same advantages as mentioned 
above tox the electron. However, these experiments are 
limicedsany EnatamMacnetatce ieayansa t1onsm aren Vemyjdd tracult to 
excite and the energy of the incident charged particles must 
be limited to less than the Coulomb barrier energy. 
inegnehicwemnsit Omndeag eb Omn jap pmOxIM acon soi electron 
Scattering the electrons can be considered to be relativis- 
Puc Dime pa Gene lesmsicatitencd from mass ive) porimenmucilen. as 
was done by Mott [Ref. 17]. The incident particle, the 
ElleCEELOn susmassumed seomhave) a iSsipinkand: a Dirac magnetic 
moment, although the scattering center is assumed to have 


Nemec eo PANO edaMAagne tc mMoOmMenle. ) mine resulting differ - 
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x e Gos (O/2 i 
(do7d2y ott ZE, | sin*(6/2) (aes) 


fom siaohleve neleatan sec eheCe rons.) hoOnm),d Nucleus jor wind te 
size a quantity determined by the nuclear structure must be 


included. The measured differential cross section becomes 
(II-4) 


> > 
(CSD ay mon, [SOE * éle| 2. 


nuclear volume 


eof) Tae aired a 


hic hac COmenuineipysMcm the MomEmMerOssm seetton ds.) thes Grue— 
linc SAceOI Ol rOnMne HacrOrumanalocous tonehectxaon) and 
Mora VeCdiema GeO SitUCHeSe nanGdignSs Intact, called the nuclear 
ONG Ma CHONee mnie eS US UaulayvanCliatsiat Chemuwiha chiyiS Geite nmasmed: 

in elastic scattering experiments from calculated Mott cross 
sections and measured elastic cross sections. This yields 


the nuclear form factor 


[F(q*)|* = (do/de) f (do/d@)yo4¢¢- (11-5) 


elastic 


B. INELASTIC ELECTRON SCATTERING 

Analytical expressions PONG EliCmCaleesKencem thrall CIOSIS) Sic Cea Om 
for inelastic electron scattering may be derived in a manner 
Sami aignrOmena te sone elas eienercOSsiSeceNols  WUSamen elle 
plane wave Born approximations. In this approximation the 
differential cross section (do/d2) npn Ong mu cte ann excaltal— 
Clon OVA stle teheCeron us cavuenrimomcan De) Written as sa 
SUMMOMe uence mSepariareteCLOsS SeCtHONS Om electr1e and imag - 


Mette MUN ca pOwe) isa Sait OmSh. 
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(do/42) oy, = : (80/22), + E (30/92) y. (II-6) 


The electric multipole terms are given by Theissen [Ref: 18] 


2A,-2 


(deydoye, 0= o7a.qe ki [A(A+1) *B(CA,q)V, (8) 


(11-7 
+ B(EA,q)V_(@) IR” ) 


and those of the magnetic multipoles by a similar expression 


1 


(do/d2),, = 02a,q2*k.*B(MA,q)V_(0)R (nen 


In these equations 


ia (CMI) Lae) a) 


a, = 
kK, = E /he 
R= 1 + he(k,/Mc*) (1-cos8) 


with the following definitions of the terms 
A - transition multipolarity 
a - fine structure constant 
Eo - incident electron energy 


- scattering angle 


M - nuclear mass. 


HEM AGCOmeRGEAKeS imtor account Ene -eirect ot the: recor lami 
NUCKEUS MON chem timalwS tater densmtyas line atun ctalons V,, (8) 

and Vy (8) account for the longitudinal and traverse compo- 
MeMeSMOmeEhen OUT Vectom NUCLEUS Ccuarent density resolved 
into components parallel and perpendicular respectively to 
the three vector momentum transfer q. The component parallel 


> : ‘ 
EORGNGOGGesSponds to van) imtecdctron of the electron with the 
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nuclear charge, whereas the perpendicular component is a 
contribution from the nuclear current and magnetization 
densi tres) For Eo large compared to the electron rest en- 
ergy the functions V,, (8) and Vr (8) are defined by Theissen 
[Ret. 18] to be 


V,, (8) 4(1+cosé) / (y-cosé)? (II-9) 


V7 (8) y(2y+l-cos®) / (y-cosé) (1-cosé) (II-10) 


With y = 1 + Ene | Oe (08. 18) eine) Te, the excitation energy. 
Oneal Ss Caiatenamp anipdic lOduwi5) Ceres) both V,, (8) and Vp (8) 
are approximately one. The quantities BGA.6) Ge PRE Sem mele 
reduced nuclear transition probabilities which will be de- 
Seuubed! ami law laten Section. 

In the plane wave Born approximation (PWBA) the incoming 
and outgoing electrons are described by plane waves. If the 
charge is large such that Za is not much less than unity, 
the electrons iulelids ase distoncedvand can, nom longer be, modeled 
by a plane wave. In this case the electron wave functions 
areceusedmawhntch ace Solutions to the Darac equation) in) thie 
PROSeNCe Onna lite MddicH OM ehe Sitaedc eo round (State: chance 
distribution of the target nucleus: This model is called 
the distorted wave Born approximation, DWBA, since the ef- 
fect of the nuclear charge on the wave function of the elec- 
ELON SHO ust One DOcCimEne mmeldenti and Sicateened electron 
wave functions in a manner such that a plane wave solution 
NOM OMe ies mS els HACtOmy esi ts . a. lm practuce, the 


plane wave solutions of the PWBA are replaced by phase 
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shifted spherical waves which require computer computations 
and the concept of form factor loses its simple meaning 


[Ref. 19]. 


C. NUCLEAR MODELS 

In this work the models of the nuclear transition charge 
density as introduced by Goldhaber and Teller [Ref. 14] and 
by Steinwedel and Jensen [Ref. 15] were tested against the 
data for comparison and transition strength determinations. 
A brief description of these models and how they are in- 
corporated into the distorted wave Born approximation cal- 
culations for the inelastic form factors is given here. 

The generalized Goldhaber-Teller model as described by 
Uberall [Ref. 16] for any multipolarity assumes the nucleus 
to consist of four interpenetrating fluids, protons with 
either spin up (+) or spin down (+) and similar states for 
the neutrons. Any two of these states oscillating 180 
degrees out of phase against the other two gives rise to 
three possible collective modes. The original discussion 
by Goldhaber and Teller [Ref. 14] thus corresponds to pro- 
EONS (Pi, Py OSC LlLatane sagainst neutrons. (n,n). 
Other possibilities are (pt,nt) against (py,ny¥) and (pt,ny) 
agaist Geil AN OSeielation Olali tour fluads ain phiasie 
may produce a fourth, compressional mode. It requires the 
nuclear matter to be compressible in a monopole vibration. 

In the Goldhaber-Teller model the charge density of the 
ground state po) is assumed to be displaced rigidly such 


that the charge density becomes 


Ly 










Us 


‘ - all 
- ‘4 ; 


Sr weaitinol oe wth ‘Kove ts siden 


a ek 
- cities wignrs wh en Sel ae wr Oo = jueae + ang 
a a , 
| a “ 












fon - 7 7 a rem oi ne wa 

aie eis! adie} ye WL weet es €2aQgoM ©! maw eF a 
: Trap PRL 2YON] Polat are tedecute: OLS ee 
itd yanfigs bares? <ree..(: 


eitaptantmiatel Atabors 2 mut) ons ; 


tls 
7 






a) ure wen! Wel FAP aie on 










fe> gotet@izenwige 7.0% ay, Tile Ve ai 
seen ere Ab 2b yor 
ha Gadivarah 2h Late) ye) ie ft . 
wae lai st eomitece 
ie is ae a 


ree earise whlin. a 


Oey) en ieniCL)) > 7s d+¥o, (x) | (II-11) 


where the displacement vector d beeween che centers or the 
neutron and the proton spheres is small. This then de- 
scribes the dipole motion. Uberall eras 16] shows that 
chulss mayiibe futher cenenalized to multipole motion 26 the 
ground state density is assumed to be deformed by a scale 


factor n such that the charge density becomes 


Gg) Steele a tee) ies 2) 
with the transition charge density 


dp, (r) 
P, 7 (7) Soi) 1 ( aa Eo ). GaAs) 
The scale factor itself is then expanded in a multipole 
series 
OPIS. So 


Q 


eS ; om (r/R) Yom?s?) (11-14) 
m 


with ky = 2595 (where 895 is the Knoneekex deltaic. Reasina 
reference radius given to make n dimensionless. A similar 
multipole expansion is possible for the current and magneti- 
zation densities. 

For the Steinwedel and Jensen model a collective motion 
of the neutrons and protons is still assumed but the changes 
Be WO TOUCMCAabDOUt by (Shim ts ine tine jmsekatave dens ut 1es of 7thie 
CWO alUmdcm Doundedmovana monde mueleaa, SUntace, OL uradlus, Ri 
As described by Uberall [Ref. 16] this requires the charge 


density to be modeled by 


e(r) = p, (r) + pr) = constant Ge —aESy) 
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for r < R, with R, = 1.2 A Again a scale) factor is 


introduced such that 


> > 
Py (tt) Pp, * n(7,t) (11-16) 


SIZ DIN 


aoa) Ga O. = mln). (11-17) 


O 


As the nuclear surface is assumed to be rigid there can be 


no outflow through the surface hence 


(ony ers) a =o (11-18) 
oO 


and again n is expanded in a multipole form. 
These transition densities may then be translated into 
theoretically torn sacctors iby usaney the gexpression of Zilegiler 


RGB, Ig) (S18) 
At er dl 


2 7), 
Fa)? =a (5-) get BG) 


for the transverse (E) and magnetic (M) components. A simi- 
lar expression can be written for the longitudinal components. 
The coeffreients , BiG oO) c are the reduced nuclear transition 
probabilities mentioned before. Alder, et. al., [Ref. 20] 
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Wee mm EheMO Dem AuOnm aM uace presen eSm tile piadista CUuled am tayallS Intaom 
type and J and Jr the initial and final angular momentum 
Of thernucleus), respectively. Zeigler [Ref. 19] develops 
the representation of these operators using the plane wave 


Born approximation for Coulomb (longitudinal) interactions, 
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mEq) = RE a Ge (11-21) 
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for the electric part of the transverse interaction 


gen (POPE) hohe fs Se 
M(EA, 2 SS VeL YF 8, d TORS 2 


and for the magnetic part of the transverse interaction 


(Axil) ey s 


M(MA,q) = -i j 
q* (A+1) * 


Ei Coda ee 25) 


where i LESe eheenuUCcheanicumrent: Operator as) detuned by) the 
particular model, L is the orbital momentum operator, and 
j, (ar) SENS DICiECaIbeS Sei FUME EON! Ot onder ys — hollows 
ing the development of Uberall (Retaaelol ene ame tuce dy itayan sme. 


tion probabilities become in the plane wave Born approximation, 
E (gy ee. 
B(yAsa) = (aril qe Caen Gdns 4 Cu 24) 


threnmodeladependentmaineLastuc toram factors ane calleullated 
using the distorted wave Born approximation in the computer 
code GBROW described by Zeigler [Ref. 19]. The reader is 
also jmeterred to) the discussion /by Uberall Rei, ol) joges 
ECU aah yar oC CelOn moO. 4 anne Sm palate Uliaig Code ij the ita ansar— 
Etoneprobabuli tes ance nommalazed tov unity. lo determine 
the strength of the obsierved transitions it is thus necessary 
EOmealeM are Ene  Magnicude Of VEE  theonet luca form factors 
which would give similar results as the measured form fac- 


tors. The average of the strenghs determined for each 


20 











haere 






, a , - 


y< 





tds 


rh ; ws 
| at ie 


, 


9° thle, a Ni f ins ‘) ' cy 4 Oe 





naesdwngt ri Se, eVaire + 459 


7 
ts 2 


a (ett) aM (Wi). Cin) cd riot - ia 


-_ : TOetoee weeny, set evsuecy 326 i 2 bi 


: Meet abliatta tie se-,§ ae 


- - O01 ee Gan wm ee mere o a6 rs Tox af i 
: - Bye Shee jege sis rsfom faze 4 . 
a 

7 eet Lol Wet Mapes So nota! Lo 
a | ; deyuva firsuhe “Th ae ee 


7 ,VOLEAP LAO Que Ayes eirh Mays 


btn f1 Phrh tet 


PSiciusicS 31 he te aa nl 


Paka ait! Hd cnt 


experiment is then taken as an estimate of the observed 
transition strengths. The B values thus determined are 
then used to compare the theoretical inelastic form factors 
with the experimental values to determine a best fit to the 
data points. This final B value is then reported as the 
observed strength of the resonance. 

To determine whether or not the observed resonances are 
collective phenomena, comparison of experimental to single- 
particle reduced transition probabilities may be made. The 
Hel OMOmmEheSeunialues mwOUulGdmbe) expected to; Dies Saonartacanitliy: 
Pueatenucehan Toney Ore themclant museca pole: mesonances., 9 PUrther- 
more, a giant resonance should exhaust an appreciable frac- 
(el Ol Om Enen appropiate wsumM ule. iit vanyobsenved) resonance 
greatly exceeds the sum rule under the assumption of a par- 
eC UMM tead IS HacHnONy. mate Sune ie la intlitase athe ye mull: taymoliaireintiy, 
assignment is correct. 

The single-particle reduced transition strengths are 
BAW Ti WORSS!<Ojore Waites Rese, Zl] 


e* (2A+1) 3 r : 
BOM os = =a ae BR (11-25) 
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where Ro shell eZ), TN OFA 7am fon Ho. 
Another, to some extent model independent, evaluation 
of the transition strength of EX modes may be achieved by 


expressing the strength relative to the energy weighted sum 
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rule (EWSR). Sum rules for the magnetic transitions are 
more dependent upon the current and magnetic moment distri- 
butions of the nucleus and hence are more model dependent. 
Because of these limitations and since magnetic transition 
strengths are very small at forward angles, they are not 
presented here: lhe sum rule tor vwsoscalarn (Al—0) excita- 
tion modes with L>1 is given by Nathan and Nilsson [Ref. 
DOW 6 

Si(EXs F=0) 


Pp (E,-E, )B(EA,q) 


(1-27) 


_ Z2e2)(2A+1)2h2<R2* 4> 


8T AM 
p 


ihe asovectox © (Al—0) «sum nuillle) fom >i as related to the 


isoscalar sum rule by 


S (EX, AT=1) 


S (EA, AT=0)% (I-28) 


The corresponding sum rule for an isoscalar monopole (E0) 


ExGitatvon 15 gaven by Ferrell [Ref. 23) 





phi cnee a CE22) 
S(E0) = GE e155) [Naa |S a Re 
p 
where Mes is the monopole matrix element. The strength of 


Ed resonances can be expressed relative to the sum rule 


given by Warburton and Weneser [Ref. 24] 


Sema = NZ 


S(E1) = 7 (11-30) 
p 





Table I gives values of the energy weighted sum rule (EWSR) 


and the single particle transition strengths for HO Big). 
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D. GIANT RESONANCE PHENOMENA 

From the study of nuclear level structure by photonucle- 
ar processesy at iS apparent that there 1s a collective fea- 
turelot thevnucilear excitation spectrum called the “giant 
resonance."' The term was used initially to describe what 
is now recognized as the giant electric dipole resonance 
(GDR). In their original paper proposing that these fea- 
tures were indeed resonance structures, Goldhaber and 
hele rebyinke rence also, Falsedmthey possi baliatres that 
Plame eresonances “exrsced wath Other multipolanriress. Ex- 
perimental evidence now indicates that these different 
order multipolarity resonance phenomena do in fact exist. 

Early attempts to explain the giant dipole resonance 
WOLeMDasedamainly, On collective models. ihe wna ta aly work 
by Goldhaber and Teller [Ref. 14] mentioned previously as- 
sumed that the protons and neutrons behave as two inter- 
Dene racancImMcOMpase SSabile ws isluddses | Wisamipy aly Stree thy, 
classical approach, the two fluids are considered to be 
relatively displaced during dipole oscillations such that 
the proton and neutron fluids no longer overlap near the 
surtace.. Lt the restoring foree is assumed proportional to 
the surface area, or to R”?, then the frequency of the re- 
sulting harmonic motion is proportional to the square root 


= 
2 


of the force divided by the mass, or w ~ (R2/R2) 2-R 


WAS 


Saco mn » then the resulting energy of the harmonic 


“1/6 Goldhaber and Teller 


1/6 


oscillator should be E(GDR)~A 


[Ref. 14] found the relation to be roughly 40A Iie 
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should be noted here that the original Goldhaber-Teller 
model does not allow for monopole transitions since the two 
fluids are considered incompressible and hence changes in 
relative density cannot occur. The development of the 
generalized Goldhaber-Teller model by Uberall [RGae, 16] 
does make provisions for a monopole transition in the ex- 
Pawson Ox Man, equation (ll 1 5). 

The Steinwedel and Jensen model as described by Danos 
[Ref. 25] and in Section II-B assumes a collective motion 
Weinehuiniea hescedaboundanraae) alle ene mey.Moms the «pila tn Gispode 
transition is shown by Danos [Ref. 25] for the spherical 


nucleus to be 


2.08 


E(GDR)) == | (Ghisuh) 


R M*A2 


L 
SS] : 
where M* is an effective nucleon mass and K is the energy 
associated with the symmetry energy term of the semi- 
Ciipulnucaly mass) -Onmulia.) Simee the nuclear) radaus) as pro- 


1/3 “1/3 for the Steinwedel-Jensen 


portional to A then E(GDR)~A 
model. One selection of the variables as made by Hayward 
PReveneZOlme yanelidis 


WS 


154 (C10)29) net) On: Wee (On (Cle 32)) 


SINcCemEnese: COmlectavesmModelsmot EicanucGleus predict 
that the giant dipole resonance energy varies inversely with 
the radius, a natural consequence is that for deformed 
nuclei having two characteristic dimensions (prolate 
spheroids) the giant resonance should be a superposition of 


two. resonances.) Okamoto [Ref..27] and Danos  [Ref. 25] have 
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shown that the overall width of the dipole resonance is 
strongly correlated to the nuclear deformation as measured 
by the intrinsic quadrupole moment. According to Danos 
[Ref. 25] the connection between the resonance energies ES 
and ES and the lengths of the long and short axes a and b 


RESPEC EVielive ISicaaven | Diy, 


E 
lowes a a 
Fee @ 59 Bet 0.089. Gil 33) 
a 
165 : : 
For Ho the higher energy resonance corresponding to charge 


oscillations along the two short axes of the prolate sphe- 
roid would then comprise two-thirds of the integrated cross 
Se Ce Onn alot m cincmwWrandith lun TOM GINe scotia sodlamtyadaipole: aesio\- 
Nance is independent of the energy, Danos [Ref£. 25] has 
shown that the ratio of the heights of the separate peaks 


is related by 


C) 

As as ; (1-34) 

b* max 
Hence, the strengths of the two components of the El 

resonance have the simple ratio 1:2, corresponding to the 

number of degrees of freedom. 


MOTT 5 ly PSCRSS, Ces Cibo o 


In the earliest work with 
[Ref.) S5]) a single dipole resonance peak was reported at 
14.5 MeV with a width of 7.5 MeV. Fuller and Hayward 


10550, 


PRet Ole tiins ce Observed mrhiemsplateamer ode) the GDR ain 
They reported peaks at 12.3 MeV and 16 MeV. Bramblett, et. 


al., [Ref. 7] found the energies to be 12.10 MeV and 15.75 
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MeV with widths of 2.65 MeV and 4.4 MeV respectively. 
BeupeGenmer male wRCt. sO cepomted spl ttime ot the da pole 
resonance at energies of 12:01 MeV and 15.59 MeV. The cor- 
responding widths of the Lorentz shape fits were T = 2.52 
MeV and f = 5.12 MeV. The same splitting as observed by 
KOI, C65 @ban (RO. 10] was Ue.d52 NOW Gh Ss 2s52 NeW) -etnel 
15.78 MeV (Tf = 5.04 MeV). With data taken from photoneutron 


interactions with oriented 165 


Ho mulches Denman mcr areas 
[Ref. 11] reported slightly different energies of 12.28 MeV 
Cie oii Mcve mandate 7 SMe (iu — S00 MEV)  keicanbie 
shown from their data that the ratio of the observed rela- 
tIVe  eranlst enoOnSGrenernsm rather sham the lapparemt  imte— 
Shave dey ChOss cc CielOn On enc meWwO: me SOnamces js ror june 
Saclay groupe LOZ [ers Qi>5 2.04 Ow Meiiley, e8, G@bos ) |URSi. 
Ol pranceony seman ern maces | Rex. alu” Iaioe 

Schutt (Rete. Zola develloped an analysis of the inelastic 
Clee rrone Sicatce ciIntimGhOSS Se Ctlon contribution from the 
ELEMSIECLCM CWACheNOoOlS momemc,  Ibteemsa, @eo abe 4  |[ese, 29] 
have extended this work with the Steinwedel-Jensen model to 
PICMG GUadaUpOle MU Ca Polarity HO Gde LOmmedsmUGL earn lhe y, 
predict five main quadrupole resonances. The first experi- 
mental evidence of a giant quadrupole (E2) resonance below 
the dipole mesonmance, was found an inelastic electron scat — 
tering experiments at Darmstadt [Ref. 30]. The Sendai group 


208 


[Ref. 31] reported a quadrupole resonance in Pb at 22 MeV. 


These results were confirmed at NPS [Ref. 3], in experiments 


208 197 


with Pb and Au where EZ resonances were reported at 
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22.5 MeV and 23.0 MeV respectively. The lower E2 resonance 


“1/3Mey is generally referred to as the iso- 


oI) 


at E, = 63 A 
scalar (AT=0) and the higher resonance at EY = 130 A Ss 
the isovector (AT=1) [Ref. 3]. The existence of the lower 
quadrupole resonance and the observed splitting of the El 
resonance in deformed nuclei makes the evaluation more 
dit-hucwhte a lenone Hor Dot O themH2  Tnesonance and) the lowe, 
El resonance are relatively wide and separated by only a 
few MeV then disentanglement of the several resonances may 
be impossible. 

The possibility of a monopole (E0) transition was first 


208 ILS) 7/ 


Pb and Au study mentioned previously 


=i / 3 


Re piOMmee Gainentne 
[Ref. 3]. A mass number dependence of Ee = 55 eA was 
found in the data fit analysis. A corresponding transition 
in OT has not been previously reported as photonuclear 


absorption cannot excite a monopole transition. 
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“Units for the monopole transition matrix elements are 


MeV - £m" 
Table I. Sum Rules and Single Particle Transition Strengths 
for Ton 
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Pi) DARA ACOULS ETON 


A. EXPERIMENTAL PROCEDURES 

It was felt necessary to choose an optimum scattering 
angle which would disentangle the broad resonance structures 
of the giant multipole transitions DWBA calculations of the 
Me Mia Siekcu oO peMUPNAC LONysS s-OnguEee ANG Ey stavamSrutedcoms aon MOS 
were made using the computer code GBROW [Ref. 19]. Both 
volume and surface oscillation models were used for the di- 
Polley Tesonanceem ha sunces ml 2) and Sa Show mene results) jor 
these theoretical form factors as a function of scattering 
angle. It was determined that a forward scattering angle 
Of SC CeneesmVoulds Dew Optimum stone thas experiment. |) Ac 
backward angles, greater than 90 degrees, transverse mag- 
netic components would contribute significantly to the 
diGterentrval inelastic scattering Cross section. These 
would complicate this study since it was desired to inves- 
Etec wile particulate tne mda pone wands quadnupole tacanisait ion 
region of the spectrum. Calculations for the upper dipole 
transition which is due to the oscillation along the shorter 


16555 indicated that this resonance would be suf- 


axes, in 
Pictenihywelaae MMT erOSSmSeCE Ont OmDe read ll vude cect ble 
and not near a diffraction minimum if a scattering angle 
of 75 degrees were used. Also with increasing momentum 
transfer, produced by increasing the incident electron en- 


ergy, the theory predicted a decrease in the relative 


strengths of the dipole resonance as compared to the 
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ToUadaupolenmesonancemas Seen amy hueunes Minton Si ihe selec - 
tion of 75 degrees as the experimental scattering angle was 
not without some bias. This angle would allow direct com- 


ILS) 7/ 208 


parison with the Au and Pbmimedasitucs olecrronusicait. 


tenings nesultsyneported) by) Patthan, er. ade, [Ref. 3]. 


AEGON IG ta iKelrti) OF HOS 


Ho from Ventron Corporation was 
prepared and roll formed to a thickness of 145 mg/cm*. The 
target foil was approximately one centimeter wide and three 
centimeters in length. A second foil of 259 mg/cm? was 

also prepared with similar dimensions. This size permitted 
chen Sanewrolluesanpile ton be used hon, almlimiom then experrmentad 
runs since the focused beam area of the NPS linear accelera- 
Com, sappmoximatelys Olena ine Sample was placed an the 
target chamber and positioned for transmission geometry. 
Glhe elec tronlamcam accelerator) facial ty Om ene NavaliwPosit. 
graduate School is described by Warshawsky and Webber [Ref. 
iL} o)) 

HOUGHe x<pemimentalumGuns weme) PeiaeOrmned aca meildent elec 
eMOMene Meng este Si Ons On moi. o OmamaidaeliO Sie Meier Auli isimele tavaglex 
cept fom 60 MeVijanvestigated\excitation energies to 40) MeV. 
The 60 MeV data was taken to 30 MeV excitation energy using 
the 259 mg/cm? target. The 75 MeV and 90 MeV experiments 
were done using both foils at each energy on separate oc- 
CaASWTOnS sem SMe Vere xpie lime memuUsicG@eOmlnyanelie w.cliani ess tang — 
get. It had been determined that using the thinner target 
reduced the background due to the radiative tail as is to 
bewexpected ss mimmaddition. themnelastuc Spectrum ot /the 


75 MeV experiment with the 145 mg/cm? target was observed 
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’ twice with the same machine parameters to determine if 
there were significant differences in the spectra due to 
machine fluctuations during the course of the 48 hour data 
collection period. These experiments showed reproducible 
results confirming the stability of the experimental con- 
ditions. The count rates were maintained below 20 counts 
per second per channel to avoid losses due to electronic 
dead time of the triple coincidence ladder counting system. 
The total charge delivered by the beam was adjusted for each 
experiment to maintain less than three percent statistical 
UNnCekEaAIn Gywaper Channel wa habille wiiedersitsm the experimental 


conditions used for each run. 


B. DATA ANALYSIS 

The line shape fitting procedure developed by Darmstadt 
FRSee S7mond athens aaduaitave taal icaleukataons meponted. by, 
BUSI Keita auch iCIe en PERCH slmaltavic Deen: imnicOnpoma ted) amo) a! 
computer code called NAW [Ref. 33] for an IBM 360/67. This 
codejas described tand presentedmain, Berle and) Waddell (Ret. 
Zev newenta re imehastiremspeectawum ineludinig the, Gesionance’s,. 
radiation tail, and background were simultaneously fit as- 
suming Breit-Wigner shapes for each resonance. Initial 
resonance energies and widths were chosen based on previous- 
ly reported photoneutron data and from the general nes 
behavior Of giant multipole resonances [/Ref. 3]. Resonance 
positions and widths were varied as input parameters while 
the computer code adjusted peak strengths and background 


DamdMnevercmEOODeabiyas Des tei tO) sthe experimental sdata, 


Sal 


hs 





The code was subsequently modified to provide an option 

for maintaining a specific ratio of the two dipole reso- 
nance components. This was done to preserve the known 
giant dipole relative strength ratio as indicated in the 
theory and found by photonuclear experiments. (See Section 
ICID). )) 

Dhencristemkasused to) determine sa neasonabilc) ait) weme 
as follows: 

(1) The data and calculated spectrum should coincide 
visually on the superimposed spectrum plots. 

(2) The x* per degree of freedom should be less than 
one ihe data tshnot Strlctlyry states tical because ithe deé\- 
tector momentum interval is larger than the momentum in- 
CGEEMeMEnOte Ene Esme eenome tem ele ld anda hence comnelatrons 
exist between energy bins. 

(3) All observed resonances and widths should consis- 
emi byaeot each OnmieMe HONG Se Ce ia. 

The 60 MeV spectrum is not considered as reliable as 
ENS OWNS SHeCEra SWE 12t WheSS Cirlteewle WerSs MOC Bjooescemely 
violated due to the use of the thicker target and the low 
IMCUGeNiemeMc CEEOnmeMesCVr weCien SillcGlhyaldimatencemt back. 
ground parameters from those used at other energies were 
NeEGe Sis ain EOuthtn Chey datambecausic iO tne: dale ne mane) ;expie rl 
mental conditions. The higher background due to the radia- 
PAV ema dielenmademe xia Ct Hom Otte experimental HINES WAS ELE 
form factors from the data difficult and somewhat arbitrary. 

PUtiGes 4  EnmOUsh iO mmephesent. the experimental) elas tic 


Spectra corrected for spectrometer dispersion effects with 
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the fitted total background and the individual resonances 
superimposed. Figures 7 through 9 present corresponding 
spectra with the total background subtracted revealing the 
resonance structures and their features. 

The areas under the inelastic resonances were calcu- 
lated from the Breit-Wigner shapes and the ratio of each 
inelastic resonance area to the area of the elastic peak 
were presented in the NAW output with a statistical uncer- 
Gamer ne welas tice Onl factors Omtheyexperumemtal: 
energies were determined using the phase shifted spherical 
wave calculations of Fisher and Rawitsher [Ref. 34]. The 
inelastic form factor could then be determined by the 


relation 
ele Cn yea (111-1) 


For these calculations the ground state charge distribution 


was assumed to be of the Fermi form 


-1 
a) 2 ie e (F-c/4.4t) (Gijal=2)) 


Wath Gi i—s6).o) tm cand st 92). Sl tmiierom Uhahane, et. tae. 
Reis 25) Wabilie) Titi presents (the) inelastic form factors 
obtained for the 75, 910, and 105 MeV experiments. 

Rabble Veipage sic since Memansiaeuonep FObabidatetes: that 
were obtained with the best fit resonance positions and 
widths. The values are reported for both conditions utilized 
within the cComputen code NAW -imee) fitting of all observed 
RESONaAnce mote MtISmandatEee ake came (Ot all) strengths -ex- 


cept that corresponding to the lower component of the dipole 
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transition. ihe strength of the latter was maintained at a 
fixcdanacro to thes upper, component. The value of this) ratio 
was determined from the (y,n). experiments, using inelastic 
LOL LAcconwecalculatavons., hom the Ele resonance they experi. 
mental strengths were determined for the surface oscillation 
(Goldhaber-Teller) model and the volume oscillation (Stein- 
wedel-Jensen) model. Comparisons of these results with the 
appropriate energy weighted sum rule and single particle 


transition strengths are also made in Table IV. 


C. ERROR ANALYSIS 

Certain corrections must be made to the observed experi- 
MempaleneheciasOnwes cattery eros. SOctHon lhe Observed area 
OL bornwethemelastuc and anelastwve Isines must be ineneased 
SuMCe woe mon mene cle cirOns Ss Carte ne diac Ee  cConnespondans 
energy supterm enensy Losses due to radiation during scat- 
tering, radiation and electronic collisions before and after 
Siedtrerine sandy honiat tons race Limguerreces and: hence are 
not counted at the proper energy [Ref. 16]. For the NAW 
code the aadiation) taal as) calicuillated) using) the method de- 
scribed by Ginsberg and Pratt [Ref. 35] which was modified 
tomusema phase: shisteucalculartonwom: themelasiti1e Scatterine 
cross section to replace the original Born approximation 
Gross sections [Rete 4 An@analytie funetaon 1s) then used 
for the fit of the background due to the radiation tail and 
expe rimentals processes), | For this work an) expression of the 


form 
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1B) eres plseeysaNai es E 
fo) 


1 2 3 RDT ) exp 


(Ge) (lites) 


was used. Eo is the incident electron energy, E, the energy 
Of themsecateencd ehecerony., vA) = E, = Ero where Ero dis) vain! ex 
pansion energy, and RDT is the calculated radiation tail. 
The P."s are free parameters and are determined by the 
SEITEN TEOMUETUNE 

Warshawsky and Webber [Ref. 1] describe the fractional 
error associated with the determination of the areas as a 
Ge SUG Ommiaac EOmalacaasOneSmean then LOdSSOn) COUN IMG |S tates) — 
GleSVaGuatLons am Dean ImGcenst ty during amun, -and thie 
Cig Oiueas SOcHace daw ehenehen dete mmanateTOnmoOt sehen areas.) hem lac 
and Waddell [Ref. 2] investigated the energy and width re- 
lationships POM UNC me arOmAmuthe decenmamaclon Of iehelaned 
of Breit-Wigner shapes. They found contributions on the 
order of 20 percent in addition to the NAW statistical 
CLELOn i neMmcOtal Uuncemearmny. would  thenwben some, Lune tion 
of these combined effects. 

In addition a correction to the line shape due to a 
change in the inelastic form factor itself over the width 
of the resonance must be considered [Ref. 32]. Calculations 
OLMthe theonetrecal anelastic torm factors indicated a’ change 
in [a |e OE Several percent eid) MEN, i) bOngewaiGe: Ges onances 
the energy shift in the apparent resonance peak may be 
Significant. 

Repetition of the 75 MeV experiment during the same run 


with the machine parameter unchanged showed that current 
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control techniques maintain experimental conditions over 
the duration of the experiment. Hence, beam variations do 
not seem to be as large now as reported by Warshawsky and 
Webber [Ref. 1]. To provide an estimate of the true frac- 
tional error associated with each resonance would be most 
difficult. For this work an uncertainty of twice the sta- 
tistical error computed by the NAW code is assumed for the 
data. This uncertainty 1s reported in Table III as a per- 
centage error of the inelastic form factors obtained exper- 
iMemeaiy ne menue UnCemtadnitayy 1S) atmosie sehas) Varce and 


quite probably less. 
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Experimental Measured Eakals; take 
Incident Target | Incident Peak 
Energy Thickness} Energy | Resolution Fa9/ Mott 


(MeV) (mg/cm?) (MeV) (MeV) [Ref. 34] 





Scattenqine vangilke was 75 degrees, hom all experiments. 
Transmission geometry was used for target position. 


Tablle Il. Experimental Conditions. 


incident geleceron Emer cay, 
75 MeV 90 MeV [3 Error 105 MeV 
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EXCl talon 
Energy 
(MeV) 















16 
38 
38 


50 


Fixed Ratio of El Components 


Table III. Inelastic Form Factors. 


37 





*syeod [[@ FO BUTIITF SoLZ *SOTIT[IGeqoilg UOTJISUPI] podnpsey “AI eTgGe] 


: Topow LeTTeL_-teqeyproy (Pp) 


* »WF- ASW 

JO STUN UT JUSWSTSO xT1zZeW s[Todouoy (3) 
uoT}IDeS 98S (Y) “I SUI, 

IL ‘Foy WoLF sonpten (3) UT USATS Sjitun FdoOyYSStoM UT onTea g (q) 
ytIwttT toddy (F) "I eTqe] Ur ueAT3 

Tepow ussusr-[Tepemuts3s (9a) etn wns pezystem ASLous FO 98e}UdDIOg (ke) 


ait (O° Oss?) 


“OFS °S7Z 
“SF6°8°C 





s1eyi0 Aq (,WF APWz2)| (APW)] (APN) [LV | AdtseTOd 
SOnTeA gq -TIINW 
(oa) cae el x 
pe yernopte) d q 


38 





: : 
I 

4 

a 

i 


ie ph 
a? AS 


_ 
ee 
+ 
. 
iF 


‘ } a itt; ‘ 

J 7. tit 

f 7 J »4 ¢ 

Le | , ~ : 
_ 
> 
7 
r aeMaee, (10° %o geis2it Sertgestit <fevet’ | ray B b 





*sjusuodwoy) [Ty fo 


, OTX(8°0F06'T) 


vF0°S8t 
D S+0°6Z 
27016 
D +S °PT 


peOIX(s “0#26"¢) 


52 0TX(9°0F9T*Z) 


OTJBY pexty ‘SOTITTTqeqotg UOTIISUeL]_ poonpoy 


penutquop “AI eTqeL 


39 








ee aS EIR cutie eis a ee _ mai 
Ja: 
( 
Saraciacrac ss Myatt is aoa yte { eee oa 
= : i 
‘ — 4 
t aw. 
ay a ae a Ae gy sie a asa ‘ coat 
T Sartell = = ie 
Jere f ag 





5x10 © Si es i Bia ue a Se 





= s105- 





5) 30 45 60 75 COMA OSH ZO S'S). lS 0 
Seis vocatterine Angle i760 ee Seis nae 
Rabounce ala MinmelialsiencurnOnmy tale torr) Tomi Ele (upper component) 
aad ‘transition predicted by Steinwedel-Jensen. 


Model for 75, 90, and 105 MeV incident electron 
Oo EM STe ay - aaa, es haa et ona 


— 40 

















2) Scattering Augie, 97 
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Sees ae 2 -}transition predicted by Goldhaber-Teller Model 
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Figure 4: 75 MeV inelastic scattering spectrum with back- 
ground. 
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Figure 5. 90 MeV inelastic scattering spectrum with background. 
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d*o / dEdQ, Arbitrary Units 


Ac battranys Unest 4050x108 


Typical Uncertainty Shown 
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Excitation Energy, MeV 


75 MeV inelastic spectrum without background. 
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d2o / dEd®, Arbitrary Units 


Figure 8. 





Typical Uncertainty Shown 


' Arbitrary Unit = 1.59x10°" £m2 / MeV St 





Excitation Energy, MeV 


90 MeV inelastic scattering spectrum without 
background. 
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Figure 9. 
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105 MeV inelastic scattering spectrum without 
background. 
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IV. DISCUSSION 


Ane  COLEECRI VE RESUS 

The data analysis indicates the presence of five 
ResOnanicesmat texciutace Ton enero les Hod On ITS S) 2S\,, 5 28). 
anda 2s om MeVaeinmcehnemimelastnc electron  specentum sor OP ge, 
In the original data which extends to 40 MeV excitation 
energy, there exists the possibility of a sixth resonance 
ato MeV HOWeMeny iG Seno certain ate thas) \tame ait thie 
peak is a true resonance or is generated by the experimental 
arrangement of the target chamber itself due to elastically 
scattered electrons passing through the metal of the spec- 
GLoneremEcollaumaten qi Unene ane: twommeasons) fom accepting 
hem EesOnancenmass cealynEaln Stein seMe mene eivi OSS expe lal 
MEMES OSE BUSIaid<, C65 Gbog (DRS, SO 5 we was soe! wlnene se 
Ghiemeneiscva osisn in) deaduarsmom Meee ethics wildteh jou thienidats tiya)— 
DUETOn SO MMeVia ist Use mows expected sthact tiie loss 1s 
Ove UeMeVe sche wadeh yi wouldy bey over 50 MeN as: compared ito 
elie Om MeN wardtehmobSienaved sinmleciad= mn olmce mene Observed Ss Eiuc- 
ture has a preliminary fitted Breit-Wigner shape approximate- 
ly 7 MeV wide, an energy loss mechanism for elastically 
scattered electrons does not seem to be the source. Second, 
an inelastic electron scattering experiment was performed 
with the spectrometer entrance collimator plugged and the 
resulting spectrum had no structure resembling the observed 
SSuMeVinesonances) hen exclusion) ona) 55 MeV resonance 


would not make significant changes in the transition 
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strengths reported here since the other resonances are all 
lower in excitation energy. 

The conclusion that the other levels are true giant res- 
onances is supported by the comparison of the transition 
strengths with the appropriate sum rule and the single par- 
ticle transition strengths. In Table IV it can be seen 
that an appreciable percentage of the sum rule associated 
with each transition type is accounted for by the observed 
Enemy we lohcedmb value ein addition. the sb valwess ame 
several Weisskopf units indicating that a collective response 
is being observed. 

In Figures 8 and 9 it can be seen that the apparent 
heights of the’ resonances at 11.5 MeV and) 23:5 MeV increase 
GRelatavVcr te Omencmapparcmen ne mont Ol “they peak at 5.6) Mee as 
ChiemieMcHche nite Lecmmon we nem aneneases jenecallk. thiatitene 
Sicatenam ec mamcplem Oi Sdeeacesmwasm Selected to" ObSexven ele 
possible enhancement of the quadrupole resonance over the 
dipole r fon anereasHme MOMemeUmyerwans te Ge imodmce® tine l2i)S 
MeV and 15.8 MeV resonances are known to be dipole reso- 


HOG), ENE Gewese ase 


nances from the photoneutron work with 
sessment of the 11.5 MeV and 23.5 MeV resonances is that 
they are quadrupole resonances. 

For each experiment the overall fit was improved by 
the modification to the computer code NAW as described in 
SeCeEloOng eal bemaRes OMUitNonmor them twOR mesonances at nals 
MeV and 12.3 MeV was not sufficient due to the large width 


OLeborhepeakses) lny thesindtvals f£reek fitting wvatitempits ait 


was found that the 11.5 MeV resonance was enhanced and 
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that only ta relatively small” resonance at 12.5 MeV was re- 
quired to meet the criteria of a good fit. This caused the 
calculated B values for the 12.3 MeV resonance to be much 
smaller than the B values of the photoneutron work (Table 
IV). Also the assumed lower El resonance component had B 
values in Weisskopf units of approximately unity. This 
Woulldnamducateua singles panticlenscateering freee.)  Filt- 
ting walsh) al iconstnaimt on the ratio of sthe strengths of 

the lower and upper dipole resonances gave better agreement 


between measured and calculated form factors. 


B. RESONANCES AND CHARACTERISTICS 


Each of the observed resonances is discussed in this 


section. 
1s @.6 Mey 
An EO isoscalar resonance at 53 alee was reported 
previously at (INS waveniliieny, (Rese, S]) atin melt en and AUS. 


This would correspond to an excitation energy of 9.6 MeV in 
MO ig. The existence of a resonance in this region is 
clearly seen ian the 105 MeV experimental data in Figure 9. 
nie) calliculated  magnatude) jot thewma trae element) om ani iais- 
sumed monopole resonance would exhaust 28 percent of the 


monopole sum rule. 


fig he SGN 


I 3 O}S 


The resonance at 63 A’ 5h MEW sco) Isle) 4) ah 
now generally believed to be the isoscalar quadrupole giant 


RESOMAMCeI Resi mmASMOted in wabile) 1 Viche ener. weaeh ited 
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observed strength exhausts 73 percent of the quadrupole sum 
rule for the natural width of the resonance assumed. How- 
ever, fitting attempts were made with the width of this E2 
between 2.9 MeV and 4.5 MeV and the x* obtained in each was 
approximately the same, but with rather different percent- 
apesmon sche sum mauler ine strength om the Tesonanices: ac 
9.6 MeV and 15.8 MeV ere not significantly affected in 
these different iterations. A relatively wide resonance 
would, of course, indicate unresolved quadrupole splitting. 
The uncertainty in the observed width precludes answering 
that question based on this data. 
So (Les 3: NEW 
Disease inOwnm co ube) the lowemuexcr tat1on  seneriiy, Od 


1055, nucleus 


the giant dipole resonance for the deformed 
PRetsSra Or OP mean Gamat eat Wass hOUMGGnehiaie. tiie exGal: taiteon 
eneney -andinacural wideh as iceposcted byn Berman, et. ail... 
Rete ella anwehe photonucilear womk Lome Gesonance: at 

Zoe MCV ale nremamwabhy welluncon che observed experimental 
datalcon anelastacvekectron sicattenine.)) ihas Ely resonance 
Wid Smciainttec mb yaMalelexe danadtl O TOnnn ES, Melastac Ord) factor 
BOMEn at TOmEhcEce Sonam cena es Gi MeV mnemlce. ists meduced 
GEANSweETOn ween octhy 1S) a Lunetaon Of themstrengeh obsiexn ved 
for the upper, better visible, component of the dipole 
TeSOMAnce INS eu SiemengclhsmamenGLSeUS Sed animthic mex Ss eieta on 
An assignment of an El isovector multipolarity based on the 
results of the photoneutron data and of this work is con- 


sidered well supported. 
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4,- 15.8 MeV 
This is the predicted partner in the dipole reso- 


Nance splitting of the deformed nucleus MoS 


HompReksiew Orn 0 
and 11]. The energy and width reported by Berman, et. al., 
[Ref. 11] were used in the initial fit and were found to 
NOt vary Senet cantly ane Subsequent trials, The experi — 
mental inelastic form factors shown in Figure 10 can be 
described reasonably well with either model. The ctose 
agreement for the upper component of the dipole resonance 
is considered valid evidence that the observed splitting 


18 @ wOail SifFSE sin Was jowo@llece Spla@i@sdel Mog 


o. Comparison 
of the energy weighted sums provides some model selectivity. 
The Goldhaber-Teller model exhausts 107 percent of the El 
Resonance Sum malses wasehincincwi2 SMeVitandie5:.6. MeVaicombameds 
For the Steinwedel-Jensen model the two comprise only 67 
DemMCenemOa meee SUM mac mlNe NS tRemothismass 1 epormted™s Dyanciie 
Saclay group [Ref. 9] comprise 120 percent of the sum rule, 
while the values reported by Berman, et. al., [Ref. 11], 
enchiauisiesmel OOM Mens Cell t eOnmatlneM SIL a) mmlyOSmuclae Goldhaber-Teller 
model is favored by this data in comparison with the results 
Onehc Who comeuitemon woke hie) as:silomnmenty lO sanepE le isome cton 
Comes) wesonamee sand theyi2.5) MeV) resonance 1s (consistent 
Walltslty ORG VAOUISH WOM ke Res usi,0 Or ahO suamnd: alate. 
So | 2505 NEV 

This resonance has not been reported previously. It 
ap Deas EOMelhy in mele. MOS MeViVexpenimentaly data,  haeuire 9): 
Berman, “et. .al., (Ref. 11] moted some structure in’ the photo- 
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calculated B value for this work exhausts 49 percent of the 


energy weighted sum rule for an E2 isovector resonance. In 


197 208 


the Au and Pb work [Ref. 3] the isovector quadrupole 


“1/3 


Mas eLepOnted sates), A This would be approximately 24 


MeV for 16514. 


In addition an E2 assignment would be con- 
Sistent with the structure reported by Berman, e¢. al., 
[Ref. 11]. However, the data because of its. relatively 
aT wid thiwot MeV wimndicate a poss bilkensplattime. on the 


isovector E2 resonance in several levels, which makes a 


fit by one Breit-Wigner resonance quite inadequate. 
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Experimental inelastic Hou factor for 
E. = 15.8 Mev compared with Goldhaber- 
_Téller (GT) model. and. Steinwedel- Jensen a erat 
{89.3 model. 
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V. CONCLUSIONS 


Giant multipole resonances studied by inelastic electron 


10554 indicate five resonances in the excita- 


scattering in 
tion range of 5 MeV to 30 MeV. These resonances occur at 
SFG else Zero oor amlads 25) a. MeNi | ine! WZ 7S Mee rand S28 
MeV resonances have been reported in the photoneutron work 
ands ancwinowltOnbe electric dapole... inw Sphenmiealy mucied 
these dipole resonances are threefold degenerate in energy, 


1051, the observed 


whereas for prolate spheroids such as 
single resonance is split into two separately resolved res- 
onances. There exists a correlation between the transition 
Strengths oz the two resonances which are found to be in 
thicwasa\eONO ane 7 Rona tine  howens senile, Oya resonance. imp ne spe cit 
to the upper component. 

he we xpeneiIMenCSuer int Edaa Once ae Ons acon wen elle i tine 
Goldhaber-Teller or Steinwedel-Jensen models. However, only 
the strength calculated from the Goldhaber-Teller model 
agrees with the sum rule and (y,n) experiments. 

cn htsies ens e's) (oe experiments a isiend al cant dite pence 
in technique compared to most previous experiments consisted 
MEM MISS HOmMOMe esCacLena ne anche Vandy varnous ene coles., 
The advantages and disadvantages of this procedure can be 
summaried as follows: 

NOME LlcmELansde los appeared im jhe exci tat lon 
nerve cmon Onlls. Mel, which aineludes) the: 0) WE2) and 


El transitions. 
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2. The resulting variation of the momentum transfer 
q is small, so no diffraction minima are included. If 
nothing were known about these resonances, these experi- 
ments alone would not decide between El and E2 assignments 
as conclusively as the other experiments. 
The giant quadrupole which appears as a general feature in 


16550. 


heavy nuclei [Ref. 3] is observed at 11.5 MeV for 
One objective was to choose a range of momentum transfer 
Such) tha) ithe) E2) resonances would) be enhanced) relative ito 
here nesonances)  ihasmenhancement voccurnrned san the. 105) Mev 
run, in which the E2 is about twice as large as the lower 
El inecm warcdtehmonn delle EZ) wasimnoit de cisHnreliyade termined be 
Causicmonwencmp me Semcon O HatincmOmOmalGdualrZ SMe ile viens. saWalkcdscln 
from 2.9 to 4.0 MeV fit reasonably well, with 4.0 MeV 
favored. Thus the expected splitting or broadening of the 
EZeGesOnance si nmtine  derormedeanuclheus a SmnoOtmGetana te. lhe 
Sumracejoscillation model’) 1s strongly favored: The adda - 
Elona aE Ze SOV CrOne GeSOnancemat) 2S) omMeVvanas mot, Deen pre 
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viously reported in Ho although the general feature was 


Gepomeed byl chan ici sal Re tem olan cold and lead vat 


oy 


USS. IN An assumed monopole resonance at 9.6 MeV was 


found in the experimental data which corresponds closely 


with the 53 a i/3 


fel areuinger. 
Using the information for the inelastic form factors, 
the corresponding reduced transition probabilities and com- 


parisons with the energy weighted sum rules it was possible 


to determine multipolarity of the resonances. Good agreement 
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was found between this experiment and the previous gold and 


lead experiments in terms of the general pots relations 


for the various resonances. The excitation energy, width, 
and multipolarity assignments made in this work are pre- 
sented in summary in Table V along with the results reported 


Gh 7 208 


earlier for Au and Pb. 
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Table V. Giant Resonances. 


Multipolarity 
Assumed 


(MeV) (MeV) 


or E2 isoscalar 
isoscalar 
isovector 
isovector 


lsovector 


isoscalar 
isoscalar 
isovector 


isovector 


isoscalar 
isoscalar 
isovector 


isovector 
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